HIV-1 replication is inhibited by the incorporation of chain-terminating nucleotides at the 3 end of the growing DNA chain. Here we show a nucleotide-dependent reaction catalyzed by HIV-1 reverse transcriptase that can efficiently remove the chain-terminating residue, yielding an extendible primer terminus. Radioactively labeled 3-terminal residue from the primer can be transferred into a product that is resistant to calf intestinal alkaline phosphatase and sensitive to cleavage by snake venom phosphodiesterase. The products formed from different nucleotide substrates have unique electrophoretic migrations and have been identified as dinucleoside tri-or tetraphosphates. The reaction is inhibited by dNTPs that are complementary to the next position on the template (K i Ϸ 5 M), suggesting competition between dinucleoside polyphosphate synthesis and DNA polymerization. Dinucleoside polyphosphate synthesis was inhibited by an HIV-1 specific non-nucleoside inhibitor and was absent in mutant HIV-1 reverse transcriptase deficient in polymerase activity, indicating that this activity requires a functional polymerase active site. We suggest that dinucleoside polyphosphate synthesis occurs by transfer of the 3 nucleotide from the primer to the pyrophosphate moiety in the nucleoside dior triphosphate substrate through a mechanism analogous to pyrophosphorolysis. Unlike pyrophosphorolysis, however, the reaction is nucleotide-dependent, is resistant to pyrophosphatase, and produces dinucleoside polyphosphates. Because it occurs at physiological concentrations of ribonucleoside triphosphates, this reaction may determine the in vivo activity of many nucleoside antiretroviral drugs.
merization. A terminal dideoxynucleoside monophosphate thus can be transferred to PP i releasing an unblocked, extendible DNA chain and ddNTP (10) (11) (12) ; however, concentrations of intracellular PP i required for efficient pyrophosphorolysis by HIV-1 RT (10) are much higher than those reported in mammalian cells (13, 14) .
As an extension of studies of nucleotide-dependent interactions between HIV-1 RT and chain-terminated primertemplate (15) , the effects of adding mismatched dNTPs and ribonucleotides to the enzyme-primer-template complex were tested. An unexpected nucleotide-dependent removal of dideoxynucleotide from the primer terminus was observed. In the present report, we show that this reaction is catalyzed by the polymerase active site of HIV-1 RT and occurs through a pyrophosphorolysis-related mechanism. The two phosphate groups of a nucleoside diphosphate or the ␤ and ␥ phosphate groups of a nucleoside triphosphate are used as a pyrophosphate analog to attack and cleave the 3Ј phosphate bond of the primer, producing an unblocked primer shortened by one base and a dinucleoside tri-or tetraphosphate containing the dideoxynucleoside monophosphate from the primer terminus linked through its phosphate group to the distal phosphate of the free nucleoside di-or triphosphate. The dinucleoside polyphosphate synthesis activity provides HIV-1 RT with an efficient means of rescuing blocked primer termini. In addition, the dinucleoside polyphosphates are of potential physiological importance. They belong to a class of compounds implicated in diverse metabolic processes in both prokaryotic and eukaryotic cells (16) (17) (18) (19) (20) (21) (22) that may contribute to metabolic events that occur in HIV-infected cells.
MATERIALS AND METHODS
Expression and Purification of HIV-1 RT. His-tagged HIV-1 RT was prepared by inserting a short, double-stranded oligonucleotide segment (plus strand, 5Ј-CATGCATCAC-CATCACCATCA-3Ј; minus strand, 5Ј-CATGTGATGGT-GATGGTGATG-3Ј) into the NcoI site in the HIV-1 RT expression vector pKRT2 (23) (obtained from the National Institutes of Health AIDS Research and Reference Reagent Program, Rockville, MD). The active site double-mutant (D185N͞D186N) of HIV-1 RT was constructed by the megaprimer PCR method (24) by using Pwo polymerase (Boehringer Mannheim) and the oligonucleotide 5Ј-CTATTTCTA-AGTCGGATCCTACATACAAATTATTCATGTATTGA-TAG-3Ј and was subcloned into the his-tagged HIV-1 RTencoding plasmid. The mutant expression clone was confirmed by DNA sequence analysis. His-tagged HIV-1 RT and mutant enzymes were expressed in JM109 Escherichia coli and were purified to apparent homogeneity by metal affinity chromatography by using His-Bind Resin (Novagen). RNA-dependent DNA polymerase activity and RNase H activity were assayed as described (25, 26) . The specific RNA-dependent DNA polymerase activity of the wild-type enzyme was 20,000 units͞mg of protein, where one unit is the amount of enzyme required for incorporation of 1.0 nmol of [ 3 H]TMP in 10 min at 37°C using poly(rA)͞oligo(dT) as substrate.
3-and 5-Labeled Oligonucleotide Primer. L32 primer (5Ј-CTACTAGTTTTCTCCATCTAGACGATACCAGA-3Ј) was annealed with excess WL50 template (5Ј-GAGTGCTG-AGGTCTTCATTCTGGTATCGTCTAGATGGAGAAAA-CTAGTAG-3Ј) and 16 pmol of primer͞template was incubated with 50 Ci (15 pmol) of [␣ 32 P]ddATP (Amersham) and 40 pmol of HIV-1 RT in 300 l of RB buffer (40 mM Hepes, pH 7.5͞20 mM MgCl 2 ͞60 mM KCl͞1 mM DTT͞2.5% glycerol͞80 g/ml BSA) for 30 min at 37°C to add a labeled chain-terminating nucleotide to the primer 3Ј terminus. Unlabeled ddAMP-terminated primer was prepared by incubating 200 pmol of L32 primer with 100 M ddATP and 45 units of terminal transferase (Pharmacia). L32-ddAMP primer was 5Ј-labeled by using T 4 polynucleotide kinase (GIBCO͞BRL) and [␥ 32 P]ATP (Dupont͞NEN) and was annealed with 4-fold excess unlabeled WL50 template after heat inactivation of the T 4 polynucleotide kinase.
Primer Modification Assay. 3Ј-labeled ddAMP-terminated L32 primer (5 nM) annealed to WL50 template was incubated with HIV-1 RT, Moloney murine leukemia virus (M-MuLV) RT (GIBCO͞BRL), or avian myeloblastosis virus (AMV) RT (Boehringer Mannheim) and pyrophosphatase-treated nucleotides, as indicated, in 10 l of RB buffer containing 80 g͞ml BSA for 3-60 min at 37°C (42°C for AMV RT). The reaction was terminated by heating (90°C for 3 min), followed by addition of an equal volume of loading buffer (16 M urea͞180 mM Tris͞58 mM taurine͞1 mM EDTA͞0.5% bromphenol blue͞0.5% xylene cyanol). Samples were reheated (90°C for 3 min) and separated by electrophoresis through a 20% polyacrylamide gel containing 8 M urea followed by autoradiography or quantitation by phosphorimaging (Molecular Dynamics).
Primer Rescue Assay. 5Ј-32 P-labeled, ddAMP-terminated L32 primer (5 nM) annealed to WL50 template was incubated with HIV-1 RT (200 nM) and pyrophosphatase-treated nucleotides, as indicated, in 10 l of RB buffer for 10 min at 37°C. The reaction was terminated by heating at 90°C for 5 min. The samples were placed on ice for 5 min, followed by addition of 3 l of RB buffer containing exonuclease-free Klenow fragment of E. coli DNA polymerase 1 (United States Biochemical) (0.1 units͞l) and dNTPs (500 M each of dATP, dCTP, dGTP, and dTTP). The samples were incubated at 37°C for 30 min. The reaction was terminated by heating at 90°C for 3 min, followed by addition of equal volume of loading buffer. The samples were separated by electrophoresis through a 20% polyacrylamide gel containing 8 M urea.
Kinetic Constants. Kinetic constants for formation of reaction products were obtained under conditions of saturating amounts of RT in which the concentration of primer-template bound to RT was assumed to be equal to the primer concentration. The rate of synthesis of dinucleoside polyphosphates is limited by the intrinsic synthesis activity of the RT͞template-primer complex and the nucleotide concentration. The apparent k cat and K m were determined from the rate of specific product formation as a function of nucleotide concentration by using SIGMAPLOT (27) . Enzyme Digestion of Primer Modification Products. Parallel digestions were carried out with 2 units of calf intestinal alkaline phosphatase (CIP; New England Biolabs) or 4 g of snake venom phosphodiesterase (SVPD; Boehringer Mannheim) in 20 l of RB buffer on (i) labeled primer cleavage products formed after incubation of 2.5 nM [ 32 P]ddAMPterminated L32 primer annealed to WL50 template with 100 nM HIV-1 RT and 3.2 mM GTP for 5 min at 37°C followed by heat-inactivation (90°C for 5 min) of the RT; (ii) 32 P-labeled Gp 4 ddA synthesized by firefly luciferase as described above, heat-inactivation (90°C for 5 min) of the firefly luciferase and dilution of the radioactive products to 2 nCi͞l; or (iii) control DNA, 5Ј-labeled ddAMP-terminated L32 oligonucleotide (2.5 nM) annealed with unlabeled WL50 template. GTP was added to adjust all three specimen types to 3.2 mM. After incubation at 37°C, the digestion was terminated by heating at 90°C for 5 min and by addition of equal volume of loading buffer. The samples were separated by electrophoresis through a 20% polyacrylamide gel containing 8 M urea.
RESULTS

Characteristics of a Nucleotide-Dependent Primer Modifying Activity of HIV-1 RT.
Incubation of 3Ј-labeled, chainterminated primer͞template with HIV-1 RT in the presence of dNTPs or NTPs gave rise to multiple radiolabeled cleavage products (Fig. 1A) . Some of the products were nucleotidespecific with distinct electrophoretic mobilities (indicated by arrows) whereas others migrated in the region of ddATP. Formation of labeled ddATP can be explained by pyrophosphorolysis caused by PP i contamination of the commercial nucleotide preparations whereas the nucleotide-specific products indicate an unexpected reaction of free nucleotide with the labeled primer terminus. Pretreatment of the nucleotides with pyrophosphatase to remove the PP i ( Fig. 1 A, lanes marked ''ϩPPase'') prevented the appearance of ddATP; however, the nucleotide-specific products still were observed and, in several cases, were made in increased amounts (for example, compare the amount of the UTP-dependent product in Fig. 1 A, lanes 16 and 17). It is noteworthy that no nucleotidespecific product was generated by dTTP ( Fig. 1 A, lanes 7 and 8), and addition of dTTP to the reaction inhibited the synthesis of the GTP-specific primer cleavage product (Fig. 1B) . Because dTTP is complementary to the next position on the template, it is recognized as a substrate for the polymerase activity of HIV-1 RT and can induce a conformational change in the enzyme-primer-template complex. This results in formation of a stable complex as detected by a gel electrophoretic mobility retardation assay (15) . The apparent k d of dTTP for stable complex formation with HIV-1 RT and L32-ddAMP͞ WL50 primer͞template is 3.8 Ϯ 1.4 M (data not shown), which is comparable to the K i of dTTP of 5.5 Ϯ 2.0 M as an inhibitor of the primer modification reaction (mixed inhibition), obtained by varying the dTTP concentration in experiments similar to that shown in Fig. 1B . These results suggest that formation of a stable complex with chain-terminated primer͞template in the presence of the next complementary dNTP and nucleotide-dependent primer modification are mutually exclusive reactions of HIV-1 RT.
Unique labeled products were generated by NTPs, dNTPs, and ddNTPs (Fig. 1C ) except for deoxythymidine analogs (dTTP, ddTTP, and AZTTP) as discussed previously. Nucleotide-specific products formed by NDPs had slower electrophoretic migration than the products generated by the corre-sponding NTPs (Fig. 1D ) whereas no unique products were formed by nucleoside monophosphates.
Divalent cations were required for synthesis of nucleotidespecific products (Mg 2ϩ optimum 20 mM), and the pH optimum was 7.5 (data not shown). Product formation depended on nucleotide concentration ( Fig. 1E and Table 1 ). The nonhydrolyzable ATP analogs AMP-CPP (␣, ␤,-methylene ATP) and AMP-PCP (␤,␥,-methylene ATP) could serve as substrates for this reaction ( Table 1 ), indicating that hydrolysis of the ␣, ␤-or ␤,␥-phosphodiester bonds is not necessary for formation of nucleotide-specific products. For both of these substrates the specificity constant (k cat ͞K m ) was much lower than for ATP, indicating that compounds containing natural phosphodiester bonds in the ␣, ␤-or ␤,␥-linkages are preferred substrates for this reaction. For the other nucleotides tested, the reaction was slow (k cat, 0.08-1.5 per 1,000 s), the K m for nucleotide substrates was between 0.7 and 4.3 mM, and the specificity constant varied over a range of Ͻ4-fold (k cat ͞K m , 0.11-0.39
). Identity of the Primer Modification Products. The unique electrophoretic mobility of each nucleotide-induced primer cleavage product suggested that the nucleotide moiety was incorporated into the product. The difference in electrophoretic mobility of products formed from nucleoside di-or triphosphates suggested that these products differed in the number of phosphates. In addition, at least one phosphate residue must be derived from the labeled 3Ј nucleotide of the primer to account for the presence of radioactivity in the product. These findings, in addition to the requirement for at least two 5Ј-phosphate residues in the nucleotide substrate, suggest a pyrophosphorolysis-like mechanism for the primer modification reaction. We postulate that HIV-1 RT uses two phosphates of the incoming nucleotide as a pyrophosphate analog to attack and cleave the primer phosphodiester bond, linking the nucleotide monophosphate from the primer terminus to the distal phosphate of the incoming nucleotide. The resulting products are dinucleoside connected by three or four phosphate residues (Np 3 ddA or Np 4 ddA) and primer from which the 3Ј-terminal nucleotide has been removed.
Synthesis of dinucleoside polyphosphates has been reported in a variety of biological systems (21, 28, 29) . We used the reaction catalyzed by firef ly luciferase (27, 29) with [␣-32 P]ddATP and unlabeled ATP or GTP to synthesize authentic labeled Ap 4 ddA (Fig. 2A, lane 2) or Gp 4 ddA (Fig.  2 A, lane 4) . These compounds comigrated with the products formed from [ 32 P]ddAMP-terminated primer by HIV-1 RT in the presence of ATP (Fig. 2 A, lane 1) or GTP (Fig. 2 A, lane  3) , supporting the proposed structure of these products. Furthermore, CIP, which can cleave exposed phosphate residues from ribo-and deoxyribonucleotides, released the [ 32 P]phosphate from 5Ј-labeled DNA primer (Fig. 2B, compare Proc. Natl. Acad. Sci. USA 95 (1998) 13473 and 6) but not from 3Ј-labeled ddAMP-terminated primer or the nucleotide-specific primer-derived product produced by HIV-1 RT in the presence of GTP (Fig. 2B , compare lanes 1 and 4) or from 32 P-labeled Gp 4 ddA synthesized by firefly luciferase (Fig. 2B , compare lanes 2 and 5). These results indicated that the primer cleavage product formed by HIV-1 RT in the presence of NTP has no exposed phosphate groups, consistent with the known structure of dinucleoside polyphosphates (Fig. 2C) . By contrast, dinucleoside polyphosphates (Np n NЈ) should be sensitive to cleavage by SVPD. Initial cleavage should produce Np and NЈp nϪ1 or Np nϪ1 and NЈp, and further digestion should convert all products to nucleoside monophosphates (NMP and NЈMP) (27, 30) . As expected, SVPD digestion of the labeled products formed from 32 Plabeled ddATP and GTP by firefly luciferase caused the Gp 4 ddA band to disappear and caused bands migrating as ddATP and ddAMP to increase (Fig. 2B, (Fig. 2B, compare  lanes 1 and 7) . The unidentified labeled band ''x'' (Fig. 2B, lane  1) , which was not dependent on added nucleotide, has been tentatively identified as ddAMP because it coelectrophoresed with the slower migrating product of SVPD cleavage of labeled Gp 4 ddA and was sensitive to digestion by CIP (Fig. 2B,  compare lanes 1 and 4) . Taken together, the results in Fig. 2 A and B strongly support the conclusion that nucleotidedependent primer modification by HIV-1 RT involves transfer of the 3Ј primer-terminal nucleoside monophosphate to a free nucleoside di-or triphosphate to produce dinucleoside polyphosphate of the form shown in Fig. 2C .
If this hypothesis is correct, the unblocked primer produced by dinucleoside polyphosphate synthesis should permit chain elongation. To address this, we devised a primer rescue assay. First, HIV-1 RT was incubated with 5Ј-labeled ddAMPterminated L32 primer annealed to WL50 template and nucleotides to allow the removal of the dideoxynucleotide from the primer terminus through dinucleoside polyphosphate synthesis. The HIV-1 RT was heat-inactivated, and the primer was extended by addition of exonuclease-free Klenow fragment of E. coli DNA polymerase 1 and dNTPs. The higher the concentration of either ATP (Fig. 3, lanes 1-8) or GTP (Fig.  3, lanes 9-16) , the more of the primer could be extended. Detectable extension of the primer was observed in the absence of added ATP (Fig. 3, lane 1) , possibly because of incomplete chain-termination; however, the ATP-dependent rescue of the chain-terminated primer completely depended on incubation with HIV-1 RT (Fig. 3, compare lanes 1, 7, and  8) . The extension of the primer depended on exonuclease-free Klenow fragment of E. coli DNA polymerase 1 (Fig. 3, lane  16) , demonstrating that the HIV-1 RT had been inactivated after the initial primer modification step and, therefore, that no primer rescue occurred during the primer elongation step. The apparent kinetic constants of the primer-rescue reaction by HIV-1 RT in the presence of ATP was k cat ϭ 0.74 ϫ 10 Ϫ3 ͞s, K m, ATP ϭ 4.8 mM, and k cat ͞K m ϭ 0.16 s Ϫ1 ⅐M
Ϫ1
(the averages of two experiments). These values are similar to those of the primer modification reaction catalyzed by HIV-1 RT in the presence of ATP ( Table 1 ), suggesting that the blocked primer terminus has been removed through dinucleoside polyphosphate synthesis by HIV-1 RT to produce a fully functional, extendible 3Ј-terminus on the shortened primer.
Dinucleoside Polyphosphate Synthesis Is an Inherent Function of Reverse Transcriptase. Fig. 4A shows that Gp 4 ddA synthesis also was catalyzed by RT from AMV and M-MuLV, although to a much lesser extent than with HIV-1 RT. As for HIV-1 RT, the activity was tested under conditions of saturating enzyme concentrations (100, 200, and 400 nM RT produced similar amounts of Gp 4 ddA), indicating that all of the template͞primer was bound by RT and the activity was limited by the intrinsic dinucleoside polyphosphate activity of the RT͞primer͞template complex and the nucleotide concentration. Apparent kinetic parameters (data not shown) for Fig. 4B, lanes 1-8) , which is comparable to its inhibition of HIV-1 RT RNA-dependent DNA polymerase activity (IC 50 ϭ 18.5 Ϯ 4.5 M, data not shown). By contrast, Gp 4 ddA synthesis by M-MuLV RT was not inhibited by this drug (Fig. 4B, lanes   FIG. 2. Properties of labeled products synthesized by HIV-1 RT (A) Products formed after incubation for 5 min at 37°C of 1-8) or GTP (lanes 9-16) at 37°C for 10 min. After heat inactivation of the RT, the primer was extended by incubation with exonuclease-free Klenow polymerase and dNTPs for 10 min at 37°C. The products were separated by electrophoresis through a 20% denaturing polyacrylamide gel. The original L32-ddAMP primer is indicated as primer and extended primer products are indicated as ext. primer.
9-16).
A slight stimulation was observed, which can be accounted for by the solvent (Fig. 4B, compare lanes 9 and 16) .
We also compared enzymatic activities between the HIV-1 RT polymerase active site double mutant D185N͞D186N and wild-type RT ( Table 2 ). The mutant enzyme retains a large portion of the wild-type RNase H activity but lacks detectable DNA polymerase or Gp 4 ddA synthesis activity. There is, therefore, a strong correlation between the Gp 4 ddA synthesis activity and a functional DNA polymerase active site and no correlation with a functional RNaseH active site.
DISCUSSION
We have shown that HIV-1 RT carries out nucleotidedependent removal of a dideoxynucleotide residue from the 3Ј-end of a chain-terminated DNA primer through production of a dinucleoside polyphosphate. This observation, combined with the requirements for at least two phosphate groups in the nucleotide substrate and a functional polymerase active site, has led us to propose a pyrophosphorolysis-related mechanism for this reaction (Fig. 5) . In classical pyrophosphorolysis (Fig.  5 Left), the phosphodiester bond in the primer is attacked by PPi whereas in the nucleotide-dependent reaction (Fig. 5 Right), the two distal phosphates of the nucleotide act as an analog of PPi. Similar nucleotide-dependent pyrophosphorolysis-like reactions have been described for aminoacyl-tRNA synthetase (28) and firefly luciferase (29) . The reaction described in this paper is notable in that the target of nucleotide attack is a phosphodiester bond in DNA.
HIV-1 RT catalyzes dinucleoside polyphosphate synthesis in the presence of millimolar concentrations of NT Pconcentrations that commonly are found in vivo (32, 33) suggesting that the reaction may occur in HIV-1-infected cells. Physiological concentrations of dNTPs complementary to the next position on the template inhibit the reaction, presumably through formation of a stable dead-end complex between the chain-terminated primer͞template, RT, and the dNTP (15) . Thus, we would expect that conditions that favor DNA elongation (high dNTP levels) would restrict removal of chainterminating nucleotides through dinucleoside polyphosphate synthesis whereas conditions that restrict DNA synthesis (i.e., depletion of dNTP pools) would allow it to occur. The significance of this type of regulation is not clear; however, the synthesis of dinucleoside polyphosphates may have metabolic consequences in infected cells, which will have additional effects on viral replication (16) (17) (18) (20) (21) (22) .
Removal of chain-terminating nucleotides and rescue of terminated DNA chains by this reaction may play a major role in determining the sensitivity of HIV to nucleoside analogs. Drug resistance mutations of HIV-1 may act, in part, through this mechanism. For example, although certain HIV-1 RT mutations confer a 100-fold decrease in the sensitivity to AZT in vivo (34, 35) , these mutations have little, if any, effect on the ability of the enzyme to discriminate between AZTTP and dTTP in polymerase reactions in vitro (12, (36) (37) (38) . This can be explained if the mutations primarily affect removal of the chain terminating AZTMP residue after it has been incorporated. Our preliminary results (P.R.M., unpublished observations) suggest that there is a substantial increase in dinucleoside polyphosphate synthesis in some AZT-resistance mutants in comparison with wild-type HIV-1 RT. In addition, Canard et al. (39) recently have reported increased HIV-1 RT binding to the 3Ј end of AZTMP-terminated primers in the AZTresistant mutants that may facilitate removal of the blocked primer terminus through slow reactions such as pyrophosphorolysis or the activity described in this report. In the light of the mechanism for rescue of chain-terminated primer described in this paper, incorporation of a chainterminator into the HIV-1 genome no longer can be considered an irreversible event (which it would be in the absence of an effective removal mechanism), but merely a road-block, where the removal through dinucleoside polyphosphate synthesis becomes the rate-limiting step in HIV-1 replication in the presence of chain-terminating compounds. The presence of a primer rescue activity in HIV-1 RT could account for the relatively modest effects on HIV-1 replication conferred by treatment of infected individuals with most chain-terminating compounds compared with the more pronounced inhibition conferred by HIV-1 protease inhibitors.
